The detrimental effect pathogens used as bioweapons could have on the US is sufficient to warrant extensive efforts to establish preparedness to prevent, and, if necessary, respond to such an event. The objective of this research was to adapt and refine amplified fragment length polymorphism (AFLP) analysis for DNA profiling of microbial strains for use in forensic and clinical case work. Methods: Included in this study were multiple strains of Pseudomonas syringae that were restricted in their respective host ranges (ie, the pathovars maculicola and tomato), Pseudomonas aeruginosa, Serratia marcescens, and Staphylococcus aureus. AFLP profiles were reduced to numeric haplotype codes that conveyed the size characteristics of the profiles. Results: The AFLP assay exhibited over 97% reproducibility and every analyzed strain produced a unique haplotype code. Conserved areas of similarity were identified in haplotype codes of closely related strains of the same species, indicating that AFLP may also be a useful species identification tool, a possibility supported by cluster analysis of AFLP codes Conclusion: The results of this study demonstrate that AFLP technology is sufficiently reproducible, powerful, and reliable for use as a broadly effective molecular screening tool in microbial forensics.
Introduction
Several molecular techniques have been explored as investigators attempt to strengthen and focus efforts on developing effective and rapid techniques for microbial identification and attribution. 1 Methods as general as multilocus sequence typing 2, 3 and variable number tandem repeat analysis 4 have been applied to the differentiation of bacterial pathogens. Whole genome sequencing using high throughput technologies has also been utilized in the successful discrimination of bacteria. [5] [6] [7] Although sequencing will certainly discriminate bacteria at the species and strain level, there are other single nucleotide polymorphism detection methods that are also effective as discrimination tools. Amplified fragment length polymorphism (AFLP) analysis is one technique that analyzes single nucleotide polymorphisms within the genome. 3 AFLP analysis has proven to be an effective research tool for discriminating DNA samples from a variety of bacterial species and strains. [9] [10] [11] [12] [13] In this technique, genome-wide restriction analysis is performed to generate a collection of polymorphic restriction fragments which are then amplified and analyzed using capillary electrophoresis with fluorescent detection.
clinical and forensic tool is largely unknown and is a central theme of the study presented here. In this study, we assessed the AFLP method for reliability and discriminatory power by using the technique to analyze genomic DNA extracted from a diverse group of pathogenic bacteria. Included among the group were both Gram-negative and Gram-positive species. In some cases, strains of the same genus and species but differing at the pathovar level were also available for comparison.
Goals of this study beyond evaluating the utility of AFLP analysis as a routine clinical technique included assessing the discriminatory power of AFLP analysis by comparing closely related strains of a single species. In addition to establishing the discriminatory power of AFLP analysis, it was important to investigate the capacity of the assay to reveal conserved regions of the bacterial genome at the pathovar, species, and genus levels to ask whether or not the technique could be used to identify unknowns. Finally, a portable method capable of capturing the characteristics of an AFLP profile in an informative way was developed in the form of a numerical haplotype code. The production of a simple numerical code for each bacterial strain profile will allow laboratories to share information in a consistent and useful manner.
Materials and methods

Bacterial strains
All pathogenic bacteria were obtained from repositories maintained by members of the faculty of Oklahoma State University (see Table 1 ). Included among the pathogens tested were eight strains of P. syringae pathovar tomato, ten strains of Pseudomonas syringae pathovar maculicola, eight strains of Serratia marcescens, four strains of Pseudomonas aeruginosa, and seven strains of Staphylococcus aureus.
Each bacterial strain was cultured on Mueller-Hinton agar and incubated at 23°C (for P. syringae) or 37°C (for all others) until visual colonies formed. Once bacterial colonies were apparent, a 2 mL aliquot of Mueller-Hinton growth medium was inoculated with a single colony and incubated overnight with shaking. Each of the bacterial cultures was centrifuged at 10,000 × g for three minutes at room temperature to obtain a cell pellet for DNA extraction.
DNA isolation
Isolation of DNA from Gram-negative species began with resuspension of the cell pellet in 250 µL of TNE (10 mM Tris-Cl, pH 8.0, 0.2 M NaCl, and 1 mM ethylenediamine tetra-acetic acid [EDTA]) with 15 mg/mL lysozyme, followed by incubation at 37°C for 30 minutes to weaken the cell walls. Once lysozyme digestion was complete, 250 µL of TNE with 2% sodium dodecyl sulfate, 40 µL proteinase K (20 mg/mL in 10 mM Tris-Cl, pH 8.0, 0.2 M KCl, and 50% v/v glycerol), and 2 mg ribonuclease A was added to each sample. For Gram-positive bacteria (ie, S. aureus), the cell pellet was incubated with lysozyme as described above, but lysostaphin was also included in the mixture at 50 U/mL (Sigma Chemical Co, St Louis, MO).
All samples were allowed to incubate with sodium dodecyl sulfate and proteinase K at 65°C for one hour. Following incubation, the samples were extracted using an equal volume of phenol:chloroform/isoamyl alcohol (9:0.96:0.04 v/v). Samples were centrifuged at 10,000 × g for two minutes to induce phase separation. For each sample, the aqueous layer was then removed and placed in a clean 1.8 mL microfuge tube. The samples were extracted a second time with an equal volume of chloroform:isoamyl alcohol (24:1 v/v) and centrifuged at 10,000 × g for two minutes to obtain phase separation. The aqueous layer was removed to a clean 1.8 mL microfuge tube. Bacterial DNA was precipitated using two volumes of 95% ethanol. Using a sterile inoculation loop, the clot of DNA was retrieved from each sample and resuspended in 200 µL of TE -4 (10 mM Tris-Cl, pH 8.0, 0.1 mM EDTA). The isolated 
DNA digestion
Aliquots of 500 ng of DNA extracted from the different bacterial strains were digested sequentially with a 5-10-fold excess of EcoR1 and Mse1 (both obtained from New England Biolabs Inc, Beverly, MA) following the manufacturer's instructions. To determine the completeness of digestion, an aliquot of each digest was electrophoresed on 1% agarose gel equilibrated in TAE buffer (10 mM Tris-acetate pH 8.3 with 1 mM EDTA). The distribution of restriction fragments in each gel track was visualized using ethidium bromide staining and ultraviolet illumination. Successful DNA digestion was indicated by a smear of restriction fragments in the gel track, and a lack of a discernible, discreet high molecular weight band near the sample well. Once digestion was confirmed, 6 µL of TE -4 was added to 4 µL of digested DNA. If not used immediately, the DNA samples were stored at 4°C.
DNA ligation
Oligonucleotide adaptor pairs provided with the microbial AFLP genotyping kit (Applied Biosystems Inc, Foster City, CA) were ligated onto the ends of the restriction fragments following instructions provided by the manufacturer. Incubation for DNA ligation was carried out in a thermocycler holding a constant 37°C temperature. Each adaptor pair harbors a sequence complementary to the sticky ends of either the Mse1 and EcoR1 fragments produced during restriction digestion, and adaptors also have additional sequence that will serve as annealing target sites for the polymerase chain reaction (PCR) primers used in both the preselective and selective PCR steps. After ligation was complete, 189 µL TE -4 was added to each sample. The concentration of ligated restriction fragments in the diluted sample was calculated to be approximately100 pg/uL. If not immediately used, the samples were stored at 4°C.
Preselective amplification
The first of two rounds of PCR in the AFLP technique is preselective amplification of all ligated restriction fragments produced during the prior steps in the process. 8 Two primers are utilized, ie, an EcoR1 preselective primer (Applied Biosystems Inc) targeting the DNA fragment ends created by ligation of the EcoR1 adapter, and an Mse1 preselective primer (Applied Biosystems Inc) targeting the DNA fragment ends created by ligation of the Mse1 adapter. Neither of the preselective primers are labeled with fluorescent dyes. Approximately 100 pg of ligated DNA (calculated considering dilution from the original DNA) was amplified following instructions provided by the manufacturer.
Successful DNA ligation and preselective amplification were assessed by electrophoresis of an aliquot of preselective amplicons in 1% agarose gel equilibrated in TAE buffer. If the ligation and non-selective amplification steps were successful, a smear of PCR products was visible in the gel track when stained with ethidium bromide and viewed under ultraviolet light. It should be noted that if either ligation or preselective amplification failed, the agarose gel track would show no evidence of ethidium bromide staining.
Selective amplification
Selective amplification is the second of the two rounds of PCR in the AFLP method. 8 Selective amplification reduces the final number of DNA fragments that will be analyzed by utilizing a set of primers that target a subset of nonselectively amplified products containing an EcoR1 site on one end of the fragment and an Mse1 site on the other. In addition to targeting the sequences of the EcoR1 and Mse1 linkers ligated to restriction fragments, selective primers also contained an additional nucleotide at the 3′ end that extends one nucleotide into the sequence of the genomic restriction fragment. Thus, restriction fragments successfully amplified by selective PCR must not only contain EcoR1 and Mse1 linkers, but must also contain a nucleotide in the genomic sequence that is complementary to the one base extension in the selective primer. The requirement for the additional one base complementarity between the selective primers and the target restriction fragment reduces the number of genomic restriction fragments that will ultimately constitute the AFLP profile from the sample. 13 In addition, the selective primer targeting the EcoR1 end of nonselective PCR products is labeled with one of three fluorescent dyes, depending on the selective nucleotide coupled to each primer. The Mse1 primer used for selective amplification is unlabeled but has an extra adenosine nucleotide at the 3′ end of the primer, therefore only amplifying fragments that have the Mse1 target sequence followed directly by a thymidine nucleotide in the genomic DNA sequence (Applied Biosystems Inc). Three different selective EcoR1 primers were used for amplification, each with a different nucleotide extension, ie, adenosine, guanine, or cytosine. The EcoR1 primers were coupled with a different fluorescent dye, EcoR1-A with FAM (blue), EcoR1-G with JOE (green), and EcoR1-C with NED (yellow the selective EcoR1 primers. Three different selective PCR reactions were thus created for each DNA sample following the instructions provided by the manufacturer. Each of the three reactions for each strain was prepared in a separate microcentrifuge tube, yielding three separate amplified products for each individual strain. Reactions containing each of the three possible primer pairs, each tagged with a different fluorescent dye, were amplified and electrophoresed separately by capillary electrophoresis in order to avoid pullup problems between color channels.
Capillary electrophoresis
Capillary electrophoresis was performed using an ABI Prism 310 genetic analyzer (Applied Biosystems Inc). Samples were electroinjected into the capillary for 5 seconds and electrophoresed for 24 minutes at 60°C. Three electropherograms were produced for each sample, one for amplicons labeled with FAM (blue), one for amplicons labeled with JOE (green), and one for amplicons labeled with NED (yellow, appearing as black), as shown in Figure 1 .
Analysis AFLP data analysis was performed initially using Genemapper ID software (version 3.2) to categorize each AFLP product by size and relative fluorescence. Once AFLP profiles were produced for a strain, the electropherogram of fluorescent PCR products was converted into a numerical haplotype code. The numerical haplotype code assigned to each strain conveyed the distribution of labeled amplicons, within a size range of 75-350 base pairs for amplicons produced using each of the three selective primers. This size range was chosen somewhat arbitrarily, but resolution of DNA fragments is maximal in the chosen range on the capillary electrophoresis platform used. The resulting 275 base pairs of size range was subdivided into 27 × 10 base pair size bins plus 1 × 5 base pair bin (from 345-350 base pairs). The haplotype code thus consists of either a zero (for size bins lacking amplicons) or a number corresponding to the number of distinct amplicons, the size of which places them in a particular bin (normally a number ranging from 1 to 3).
The analytical threshold for scoring AFLP amplicons was established as a relative value for each AFLP run by determining the average relative fluorescence units for all amplicons within the 75-350 base pair size range and then dividing that average by 2. This approach, rather than a static threshold, allowed different AFLP electropherograms to be "normalized" to one another and greatly enhanced reproducibility. Only amplicon products that exceeded the analytical threshold were scored as part of the AFLP profile and thus included in the haplotype code. Final haplotype codes assigned to each bacterial strain consisted of three parts representing the code for each electropherogram labeled with FAM, JOE, or NED.
Results
Reproducibility
To investigate AFLP reproducibility, analysis was performed in triplicate for 10 strains of P. syringae pathovar maculicola and four strains of P. aeruginosa. Reproducibility was quantified based on the location of peaks (representing DNA restriction fragment size) observed in the electropherograms for each strain. Reproducibility among the triplicate electropherograms can be assessed by visual inspection of peak location and size estimation. For example, the three NED electropherograms for P. syringae pathovar maculicola strain NF12 appear consistent with one another when peak location is visually compared (Figure 2A-C) . Although the relative fluorescence of the peaks does change in each individual run, the AFLP profiles for this strain are consistent throughout each of the three electropherograms for each selective primer used.
Reproducibility was also assessed by comparing the haplotype codes produced for each replicate electropherogram generated for strains of P. syringae pathovar maculicola and pathovar tomato as well as P. aeruginosa. When calculating percent reproducibility, the following formula was used:
(Number of matching bins ÷ Total number of bins) × 100 = % of reproducibility
The total number of bins was always 84, because there are 28 bins possible in the haplotype code for each color channel (FAM, JOE, and NED). The number of matching bins was calculated as the proportion of the total observed for whichever run (among the triplicates) exhibited the greatest number of scored AFLP amplicons. Differences in peak number among the replicates were due to lower relative fluorescence unit amplicons that sometimes did not achieve the analytical threshold and thus were not scored. The reproducibility was first determined for each bacterial strain within each color channel (among the triplicate analyses). Reproducibility calculations were then extended to include all of the strains within a given species. The lowest reproducibility value calculated for a single strain was 95.6% for P. syringae strain F7. The highest reproducibility value calculated for a single strain was 100.0% for P. syringae strain F22. The overall reproducibility for P. syringae pathovar maculicola was 97.9% and the overall reproducibility for P. aeruginosa was 97.5%.
Discriminatory capability
AFLP analysis is known to have a high degree of discriminatory power when used to analyze DNA from a variety of species. 8 In this study, AFLP analysis was used to characterize bacteria representing pathogenic species that target plants and humans. Among the plant pathogens, different pathovars of the same species and different strains within a pathovar, in some cases isolated from different infected plants in the same field, were subjected to AFLP analysis to assess the ability of the assay to discriminate closely related strains. All 37 bacterial strains analyzed in this study generated distinct electropherograms and distinct haplotype codes (not shown). The electropherograms for each bacterial strain could be distinguished visually from one another. Although two closely related strains share a large number of conserved amplicon products in their respective electropherograms visually, clear differences in the FAM, JOE, and/or NED electropherograms never failed to distinguish each strain from the others ( Figure 1A-F) . The creation of a haplotype code for each bacterial strain facilitated data capture and comparison for AFLP profiles from the bacterial strains. At the same time, haplotype codes retained the ability to convey even subtle differences in electropherograms. Thus, the haplotype code also retained the discriminatory power inherent in AFLP analysis. Reviewing the haplotype codes for P. syringae strains F7 and F10A, it is apparent that the two strains share many of the same profile characteristics, consistent with belonging to the same species and pathovar groups, yet differences exist allowing the strains to be distinguished (Table 2) .
Genetic relatedness
In addition to the discriminatory power of AFLP we were interested in the ability of the coding technique to capture similarities amongst the bacterial strains. This is important because of the potential for AFLP analysis to be useful for identification of an unknown bacterium based upon benchmark characteristics that are conserved within the genome of a particular species, or perhaps even pathovar. Agglomerative hierarchical clustering (XLSTAT, Addinsoft Inc, Brooklyn, NY) was used to analyze haplotype codes, looking for conserved elements in the code that could be used to group the different strains based upon relatedness. Agglomerative hierarchical clustering places data (in this case strain haplotype codes) together in a group based on similarity revealed through a stepwise comparison process and ultimately displays that similarity in the form of a dendrogram. Agglomerative hierarchical clustering analysis of AFLP haplotype codes produced the dendrogram shown in Figure 3 . The order in which the strains are listed in the dendrogram reflects haplotype code similarity (and thus genetic similarity) among the analyzed strains. For example, it is evident that the P. syringae pathovar maculicola strains show a closer genetic relationship with the P. syringae pathovar tomato strains than to strains of P. aeruginosa, S. marcescens, or S. aureus. The P. syringae pathovar maculicola strains also have a fairly close relationship with the P. aeruginosa strains, which fall into a separate group (Figure 3) . The S. marcescens and S. aureus strains appear to be the least genetically similar to the P. syringae pathovar maculicola strains because they appear in a group located the greatest distance from P. syringae in the dendrogram (Figure 3 ).
Discussion
In order for an assay to be useful in a clinical or forensic testing capacity, it must be validated. In this context, validation incorporates a deep understanding of the performance characteristics of the assay with emphasis on precision and reproducibility. An effective microbial DNA typing technique must be reproducible, highly discriminatory, and ideally produce portable results that can be easily shared among laboratories. In this study, the essential elements of precision and reproducibility were investigated for the AFLP technique when used to discriminate several species of pathogenic bacteria. Similar results using AFLP analysis have been reported by others analyzing a variety of prokaryotic and eukaryotic organisms, representing plant, animal, and human pathogens. 9, 11, 14, 15 However, those reports were primarily descriptive and did not involve a detailed analysis of reproducibility nor was the AFLP profile produced captured in a portable way. The results of this study suggest that AFLP analysis can be performed reliably and can effectively differentiate between bacteria at the pathovar, strain, and species level, and that the essential elements of an AFLP profile can be captured in a simplistic haplotype code that can be readily shared among laboratories.
Reliability as reflected in reproducibility is critical for a useful DNA typing tool. In that regard, performance of the AFLP assay with multiple strains of P. syringae pathovar maculicola and several strains of P. aeruginosa, in which detailed analysis was performed, revealed the assay to have an overall reproducibility of 97.9% for P. syringae pathovar maculicola strains and an overall reproducibility of 97.5% for P. aeruginosa. A successful molecular typing tool must also have a high discriminatory power in order to differentiate between closely related strains and species. In this study, the AFLP assay demonstrated a high degree of discriminatory power with all 37 strains of bacteria, encompassing two closely related pathovars and four different species.
Although a high discriminatory power is important for an effective DNA typing assay, the similarities in haplotype codes among strains of the same species can also aid in identification of an unknown microbe. 
Notes:
The first two rows of the table represent the portion of the code generated from the FAM color channel, the middle two rows represent the portion of the code generated from the JOE color channel, and the last two rows represent the portion of the code generated from the NED color channel.
clustering established that in addition to each strain being uniquely identifiable based on its haplotype code, strains of the same species also share conserved stretches in their codes. It should be noted that the results of the agglomerative hierarchical clustering analysis are consistent with species and strain descriptions provided by their sources.
The results of AFLP analysis demonstrated genetic relationships that would be expected for strains of the same pathovar or species. For example, agglomerative hierarchical clustering grouped pathovars of P. syringae (which included pathovar tomato and pathovar maculicola) into the expected clusters and placed the species next to one another within the dendogram (Figure 3) . The results shown in the dendogram also highlight the potential for AFLP analysis to be useful for strain identification inasmuch as those "benchmark" characteristics of the AFLP profiles are conserved and reflected in the haplotype codes at the species and possibly pathovar levels. Therefore, it might be possible for AFLP analysis to place an unknown microbe within a particular characterized group.
The characteristics of optimized AFLP analysis make the assay useful for a number of clinical applications. Current methods for genetically comparing food-borne pathogens in health department laboratories involve restriction analysis of genomic DNA followed by agarose gel electrophoresis using pulsed field gel electrophoresis. 16 The field of human identity testing evolved from agarose gel-based separation of DNA restriction fragments to the use of capillary electrophoresis platforms and this move greatly enhanced the resolution of the separation technique. Thus, in this regard, AFLP analysis could represent technological advance in the public health area inasmuch as the technology described here utilizes capillary electrophoresis and thus maximizes resolution which, in our opinion, contributes to the overall reproducibility of the assay.
AFLP analysis is also a candidate methodology for investigation of biocrimes involving pathogenic bacteria. The potential for terrorist acts to target the agricultural industry makes including plant pathogens in any study of DNA analysis technologies a logical choice. AFLP is a good candidate technology to be used in the identification, differentiation, and attribution of a microbial strain in the event of a biocrime. The work presented here includes the analysis of a wide variety of bacterial species used to represent the diversity of microbial pathogens that one might be able to access for use as a biological weapon. The goal of the study was thus to assess the utility of AFLP as a "universal" DNA typing method applicable to a wide variety of bacterial species. The AFLP analysis technique can be performed routinely in 2-3 days and the method is also compatible with analyzing multiple strains simultaneously in a semiautomated way. Thus, the technique could be readily implemented in high-throughput laboratories working primarily in the public health and defense sectors. 
